Abstract Protein kinase C (PKC) is a family of serine/ threonine protein kinases, and alterations have been found in PKC isoform expression and localization in the failing heart. These alterations in PKC activation levels influence the PKC-mediated phosphorylation status of cellular target proteins involved in Ca 2+ -handling and sarcomeric contraction. The differences observed in the effects due to PKCmediated phosphorylation may underlie part of the contractile dysfunction observed in the failing heart. It is therefore important to establish the beneficial and detrimental effects of this kinase in the healthy and failing heart. The function of PKC has been studied intensively; however, the complexity of the regulation of this kinase makes the interpretation of the different effects difficult. The main focus of this review is the (patho)physiological impact of phosphorylation of sarcomeric proteins, myosin light chain-2, troponin I and T, desmin, myosin binding protein-C, and titin by PKC.
Introduction
Protein kinase C (PKC) is a member of the serine/threonine protein kinase family and widely expressed in mammalian tissue. It is involved in numerous cellular processes, such as transcription of DNA, cell death, cell growth, Ca 2+ -handling, and also fine-tunes myofilament function. PKC isoforms have been implicated in several diseases, such as prostate and breast cancer, pulmonary disease, and heart failure (Belin et al. 2007; Konopatskaya and Poole 2010; Parker 2003; Parker and Murray-Rust 2004; Sumandea et al. 2004) .
Phosphorylation of proteins involved in Ca 2+ -handling and myofilament proteins is an important regulator of myocardial performance. Kinase and phosphatase pathways are very complex and often intertwine, which makes it difficult to study the functional effects of one specific phosphoprotein, especially when it has multiple phosphorylation sites regulated by different kinases and phosphatases. It is therefore of great importance to investigate the complex pathways leading to protein (de)phosphorylation and to study the effects of PKC-mediated protein phosphorylation on contractile properties of the myocardium, both in health and disease (Agnetti et al. 2007 ).
phosphorylate several Ca 2+ -handling and myofilament proteins and thereby regulates contractile function of the heart. For example, PKA-mediated phosphorylation of the ryanodine receptor (RyR2) located on the sarcoplasmatic reticulum (SR) increases the amount of calcium released by the RyR2 upon activation by calcium, which enters the cell via the L-type Ca 2+ -channels (i.e., PKA activation enhances the Ca 2+ -induced Ca 2+ -release). This increase in intracellular calcium enhances myocardial contractility and output of the heart (Lehnart et al. 2004) . PKA-mediated phosphorylation of phospholamban increases re-uptake of calcium into the SR via the SR-Ca 2+ ATPase (SERCA2) and thereby exerts a positive lusitropic effect (i.e., enhanced relaxation). Accordingly, PKAmediated phosphorylation of the myofilament protein troponin I (cTnI) at Ser23/24 (PKA sites on cTnI) decreases myofilament Ca 2+ -sensitivity and thereby contributes to an acceleration of the rate of cardiac relaxation (Gaponenko et al. 1999; Kentish et al. 2001; Layland et al. 2005; Solaro 2008 ). Phosphorylation of cardiac myosin binding protein-C (cMyBP-C) by PKA has been indicated to have a distinct role in the increase of the cross-bridge cycling kinetics (Stelzer et al. 2006) , and PKA-mediated phosphorylation of the giant protein titin has been found to reduce passive stiffness (Granzier and Labeit 2004; Kruger and Linke 2006; van Heerebeek et al. 2006; Yamasaki et al. 2002) .
Diverse changes in PKA-mediated phosphorylation in cardiac disease have been reported upon catecholamine overstimulation of the β-adrenergic receptors. The RyR2 receptors become hyperphosphorylated (Lehnart et al. 2004 ) and the myofilament proteins (cTnI, cMyBP-C, and titin) become hypophosphorylated (Hamdani et al. 2008; Solaro 2008; Solaro and de Tombe 2008) , all of which seems to be detrimental for cardiac performance. There is also a leakage of calcium from the SR, thereby increasing the cytosolic Ca 2+ -levels during diastole, an enhanced myofilament Ca 2+ -sensitivity, and an increased passive stiffness that limits relaxation of the heart muscle.
Apart from β-adrenergic receptor-activated PKA, myocardial performance can be regulated by a different family of serine/threonine protein kinases, the PKC family. The regulatory role of PKC may be even larger during cardiac disease, as increased PKC activity and expression levels have been shown in the failing heart (Belin et al. 2007; Braz et al. 2004; Lamberts et al. 2007 ).
Activation and distribution of PKC isoforms
There are multiple known isozymes comprising the PKC family. These are divided into three subgroups that are structurally and functionally distinguished. The conventional PKC isoforms (PKCα, βI, βII, and γ) are diacylglycerol (DAG)-sensitive and Ca
2+
-responsive. The second group are the novel isoforms (PKC ε, ϕ, η and δ,) which are DAGsensitive but Ca 2+ -insensitive. The third group comprises the atypical isoforms (PKC ζ and ι) which are not DAG-or Ca 2+ -sensitive (Cockcroft and Thomas 1992; Dempsey et al. 2000; Parker and Murray-Rust 2004) . PKC can be regulated downstream of the multitude of receptors that couple to activation of phospholipase C, including Gq-coupled receptors (G-protein-coupled receptors) (Konopatskaya and Poole 2010; Parker and Murray-Rust 2004) . Upon activation PKC has been shown to translocate to different sub-cellular sites through interactions with docking proteins.
There have been multiple studies exploring the expression and distribution of PKC isoforms in the healthy and failing heart; however, the exact regulation of the different PKC isoforms remains rather elusive. Differences in the expression and localization of PKC isoforms may be age-and speciesdependent. Moreover, disease-induced changes in the PKC expression/activity profile may depend on the underlying cause and stage of the disease. In 1994, Rybin and Steinberg studied the PKC isoform expression pattern during cardiac development in the rat heart. Their results demonstrated the importance of age-dependence in PKC isoform expression in the heart. PKCα and PKCδ were observed in fetal and neonatal rat ventricular myocytes, but not in adult rat cardiomyocytes (Rybin and Steinberg 1994) . In addition to age-dependency, there are also species differences in the expression of PKC isoforms in the heart. Bogoyevitch et al. (1993) showed that in the adult rat heart, PKCε is the most abundant isoform present, with endothelin-1 stimulation causing a rapid translocation and activation of PKCε in rat cardiomyocytes in vivo. In the human heart, Bowling et al. (1999) reported a significant increase in PKCβI, PKCβII, and PKCα in membrane fractions of tissue from failing hearts relative to non-failing hearts, but not in cytosolic fractions. In contrast, PKCε expression in the cytosol and membrane was not significantly different between failing and non-failing hearts (Bowling et al. 1999) . PKCα, β, ε, ζ, and γ were found to be expressed in healthy rabbit hearts, but when heart failure was induced, western blotting showed a decreased PKC activity and expression of the PKC isoforms α, β 1 , γ, and ε (Rouet- Benzineb et al. 1996) . Belin et al. (2007) studied PKCα quantity, activity, and signaling to myofilaments in rat with early and end-stage congestive heart failure and found that PKCα expression and activation was unaltered in early heart failure, but it did increase in endstage heart failure.
PKC-mediated protein phosphorylation in the healthy and failing heart Activation of the α-adrenergic receptors stimulates the phospholipase C-dependent hydrolysis of membrane phos-phatidylinositol, which in turn results in the generation of the second messengers, namely, inositol triphosphate (IP 3 ) and DAG. IP 3 induces Ca 2+ release from the SR, and DAG is the endogenous activator of the conventional and novel PKC isoforms (Konopatskaya and Poole 2010; Parker and Murray-Rust 2004; Rybin and Steinberg 1994) . Once activated, PKC has several target proteins within the cardiac muscle cell. For example, myofilament proteins troponin, cMyBP-C, and titin (Hidalgo et al. 2009; Kooij et al. 2010a ), but also cytoskeletal protein desmin and protein phosphatase inhibitor-1 (I-1) have been implicated as PKC substrates in vitro. Interestingly, Molnar et al. (2009) showed a significant increase in PKCα binding to the cardiomyofilament contractile proteins following application of Ca 2+ (Molnar et al. 2009 ), indicating a role for PKCα-mediated phosphorylation on myofilament contractile function. Braz et al. (2004) stated that PKCα is also localized in a weak sarcomeric pattern in unstimulated adult cardiac myocytes and that upon stimulation with phorbol myristate acetate, PKCα translocates to the Z-lines and the T-tubular network.
In transgenic mice over-expressing PKCα, Braz et al. (2004) observed signs of cardiac hypertrophy at the age of 8 months. PKCα directly phosphorylated I-1 and thereby altered the activity of protein phosphatase-1 (PP-1). Via this pathway, changes in PKCα activity might indirectly dephosphorylate phospholamban (PLB) and thereby alter SR Ca 2+ loading and the calcium transient (Braz et al. 2004) .
Two studies by our group showed positive lusitropic effects with the application of the PKC catalytic subunit and the active PKCα and -ε isoforms in cardiomyocytes from human explanted end-stage failing hearts. PKC-mediated phosphorylation of cTnI, cardiac troponin T (cTnT), and cMyBP-C was accompanied by a decrease in Ca 2+ -sensitivity of force without any alteration of the maximal force (Kooij et al. 2010a; ). These results indicated that PKC-mediated phosphorylation of the myofilament proteins may be beneficial for the contractile function of the cardiac myofilaments as the desensitizing effect of PKC may exert a lusitropic effect. However, it remains to be determined whether PKC is active and localized at the myofilaments in the end-stage failing heart.
PKC-mediated phosphorylation of myosin light chain-2
The myofilament protein myosin light chain-2 (MLC-2) can be phosphorylated by myosin light chain kinase (MLCK) (Dabrowska et al. 1977 (Dabrowska et al. , 1978 Walsh et al. 1979) , which results in an increased Ca 2+ -sensitivity in the cardiac muscle (Morano et al. 1985; Clement et al. 1992) . In rat skinned cardiac cells, this increase in Ca 2+ -sensitivity by MLCK was found to be further enhanced when PKC was added together with MLCK (Clement et al. 1992 ). Noland et al. (1993) investigated the role of MLC-2 phosphorylation by PKC by substituting PKC phosphorylated MLC-2 back into cardiac myofibrils from the bovine heart. Competitive replacement experiments showed that phosphorylation of MLC-2 by MLCK and/or PKC increased the maximal Ca 2+ -stimulated MgATPase activity without altering Ca 2+ -sensitivity. Venema et al. (1993) analyzed sitespecificity using two-dimensional tryptic phosphopeptide mapping and observed two phosphopeptides for both MLCK and PKC; these appeared to be the same two phosphopeptides for both kinases. Using mass spectrometry (MS), Ser15 in rat cardiac MLC-2 was identified as a phosphorylation site (Fig. 1) ; the authors did not observe the second site using MS. Therefore, it remains to be established if there is a second phosphorylation site present in cardiac MLC-2 (Yuan et al. 2008) ."
PKC-mediated phosphorylation of troponin and changes therein during heart failure
Thin filament regulation
The cardiac troponin complex (cTn) is a thin filament regulatory protein complex that comprises three subunits: (1) cardiac TnI, the so-called inhibitory subunit, which inhibits actomyosin interactions at low levels of intracellular calcium; (2) cardiac troponin C (cTnC), which is the Ca 2+ receptor subunit; (3) cTnT, which is the tropomyosin binding subunit. Cardiac TnI has a direct interaction with actin in the relaxed myofilament lattice, while cTnC is attached to the thin filament via interactions with both cTnT and cTnI (Solaro and Van Eyk 1996) .
The phosphorylation status of cTnT and cTnI are prominent determinants of sarcomeric function, both in heath and disease. Walker et al. (2010) observed distinct changes in myofilament protein phophosphorylation, including troponin, in mice which underwent myocardial infarction. Two rat models that underwent pressure overload-induced left ventricular (LV) hypertrophy and myocardial infarction both showed depressed LV myofilament function. The authors showed that this was due, in part, to functionally important alterations in the cTn complex, which involve augmented phosphorylation levels as functional deficits that are partly restored to control values upon phosphatase treatment (Belin et al. 2007 ).
Analysis of the myofilament proteins from human heart samples in normal and pathological muscle has revealed unaltered cTnT phosphorylation in cardiac disease, while cTnI phosphorylation varies considerably and is significantly reduced in end-stage failing hearts compared to nonfailing donor hearts (Marston et al. 2008; van der Velden et al. 2003) . It has also been shown that both cTnI and cTnT are substrates for PKC in vitro, but the functional effects on contractility are less well defined compared to PKAmediated phosphorylation of cTnI (Jideama et al. 1996) . PKC is able to catalyze the incorporation of around 2 mol of phosphate/mol to cTnI and cTnT (Katoh et al. 1983) .
Cardiac TnI is a target of multiple kinases, including PKA, PKG, PKD, and PKC, most of which have overlapping targets within the molecule (Belin et al. 2007; Cuello et al. 2007; Haworth et al. 2004; Kentish et al. 2001; Kooij et al. 2010a, b; Layland et al. 2002; Noland et al. 1989) . Serines 23 and 24, which are located in the cardiac specific N-terminal domain (residues 1-30) of cTnI (absent in skeletal TnI) are the main targets of PKA (Kooij et al. 2010b; Solaro 2008) . It has recently became evident that these sites can also be cross-phosphorylated by PKCδ, PKCα, PKCβ, PKG, and PKD (Table 1) (Haworth et al. 2004; Layland et al. 2002 Layland et al. , 2005 Swiderek et al. 1990; Sumandea et al. 2008) . It has been generally accepted that phosphorylation of these sites is an important mechanism for increasing the rate of relaxation during β-adrenergic receptor stimulation in the heart. Also, cross-phosphorylation of Ser23/24 by PKC, PKG, or PKD, even though less efficient than that of PKA, has a similar effect on the sensitivity of the myofilaments to calcium, indicating a beneficial role of phosphorylation of these sites for the relaxation rate of the heart Effects of troponin I phosphorylation: transgenic animal studies PKC is able to phosphorylate cTnI at Ser23/24, Ser43/45, Thr143, and Ser76 (or Thr77) (Fig.1, Table 1 ) Noland et al. 1989; Swiderek et al. 1990; Zabrouskov et al. 2008) . Sakthivel et al. (2005) studied the effects of cTnI phosphorylation by PKA and PKC using transgenic mice models in which either all five phosphorylation sites on cTnI (Ser23/24, Ser43/45, and Thr143) were changed into aspartic acid to mimic complete phosphorylation, or only the PKA sites (Ser23/24). Their results showed that PKC-mediated phosphorylation of cTnI plays a primary role in reducing maximal Mg 2+ -ATPase activity, whereas the role of PKA phosphorylation is to mediate decreased Ca 2+ -sensitivity. The primary functional consequence of PKC-mediated cTnI phosphorylation in vivo is decreased contractility at baseline and increased relaxation during β-adrenergic stimulation (Sakthivel et al. 2005) .
Transgenic mice in which two cTnI amino acids (Ser43/ 45) were mutated to unphosphorylatable alanines (A) (cTnI S43A/S45A) have been used to study the effects of PKC target sites in cTnI. PKC phosphorylation sites Ser43 and Ser45 on cTnI were found to regulate maximum tension. In one study, muscles from transgenic mice showed a 45% reduction in maximal force, while the fiber bundles of the transgenic mice in a different study showed a 13% decrease in maximum tension and a 20% increase in maximum MgATP activity compared to fibers from wild-type mice Montgomery et al. 2002) . Burkart et al. (2003) studied phosphorylated cTnI at sites Ser43 and 45 using charge mutations in skinned fibers from mice and in vitro motility assays. Their results showed that charge change at these PKC sites inhibits the actin-myosin interaction by causing decreases in maximum tension, Ca
2+
-sensitivity, and thin filament sliding speed. -sensitivity of force in skinned myocytes from TG mice (Wang et al. 2006 ). -PKCδ -Phosphorylation mimicked Thr143 causes a depression of Hill coefficient in the presence of Ser23/24 phospho in skinned mice muscle fibers (Lu et al. 2010 ). -cTnI Thr143 In rat skinned trabeculae modulates length-dependent activation (Tachampa et al. 2007 ). -Alanine substitution of Thr143 in reconstituted thin filaments showed involvement in NEM-S1-dependent activation of ATPase Residue Thr143 on cTnI is also known to be a major phosphorylation site for PKC, but the effects of cTnI phosphorylation at Thr143 still remain elusive. Thr143 is a cardiac-specific residue (proline in skeletal muscle) located in the inhibitory region of cTnI (residues 137-148 of the human cTnI sequence). In the absence of Ca 2+ , this region interacts with actin and thereby inhibits actomyosin ATPase activity, while upon Ca 2+ binding to cTnC, the inhibitory region interacts with the N-terminal regulatory domain of cTnC, allowing actin to interact with myosin Kobayashi et al. 2009; McKay et al. 1999) . Alanine substitution of Thr143 did not have any significant effect on the Ca 2+ -sensitivity of force, but there was the involvement of strong cross-bridge-dependent activation of the thin filaments in the absence of Ca 2+ (Table 1) (Kobayashi et al. 2009 ). Also, a reduction in myofilament length-dependent activation has been observed in cardiac rat trabeculae expressing slow skeletal troponin (ssTn), which has a proline at position 122 versus a threonine at position 143 in cTnI (Table 1) (Tachampa et al. 2007 ). Pseudophosphorylation of Thr143 has been shown to desensitize the filaments to Ca 2+ in an in vitro motility assay (Burkart et al. 2003) , while phosphorylation of Thr143 by PKCβII in permeabilized cadiac myocytes from mouse in which the PKA sites Ser23/24 were replaced with alanines to avoid cross-phosphorylation showed an increase in the Ca 2+ -sensitivity of tension. Replacement of Thr143 with alanine abolished the response to PKC-βII treatment. These authors also showed that PKCβII phosphorylated the PKA sites Ser23/24 in wild-type myofibrils and demonstrated that such cross-phosphorylation resulted in a rightward shift of the pCa-tension curve (Table 1) (Wang et al. 2006) . In a more recent study by Lu et al. (2010) , pseudophosphorylation of Thr143 with glutamic acid (T143E) and of Ser23/24 with aspartic acid (S23D/S24D/T143E) caused no alterations in Ca 2+ -sensitivity upon exchange with cTn(T143E) compared (Xiao et al. 2007 ). -TG mice with alanine substitution of phosphorylation sites displayed depressed cardiac contractility and altered sarcomeric structure (Sakthivel et al. 2005 ).
Ser275
Secondary Isoform unknown -TG mice with alanine substitution of phosphorylation sites displayed depressed cardiac contractility and altered sarcomeric structure (Sakthivel et al. 2005 ). Titin Ser11878/ 12022 Primary PKCα -PKCα phosphorylation increases passive force (Hidalgo et al. 2009) PKC, Protein kinase; MLC-2, myosin light chain-2; cTnl, cardiac troponin I; cTnT, cardiac troponin T; MyBP-C, myosin binding protein-C
The table lists whether the sites are primary or secondary substrates for protein kinase C (PKC)-mediated phosphorylation and the site specificity of the different PKC isoforms (as far as known). The function of the individual sites are described and their role in the propensity towards heart failure. The myofilament protein desmin has not been included in the table since, to the best of our knowledge; there is no site-specific information available for desmin to a decrease measured in the group exchanged with (S23D/ S24D/T143E), suggesting that phosphorylation of Thr143 does not affect Ca 2+ -sensitivity. However, the latter study does demonstrate that cTnI(T143E) depresses the Hill coefficient (nH) in the presence of cTnI(S23D/S24D), which is a measure of the cooperative behavior of the cardiac thin filaments (Table 1) (Lu et al. 2010 ).
Effects of PKC-mediated phosphorylation of troponin T Phosphorylation sites in cTnT are localized in the T2 domain at Thr 194, 203, 284, and Ser 198 (Fig. 1)  (human sequence, isoform 3) . Noland et al. (1989) showed that PKC phosphorylates Thr190 and Thr199 in bovine cTnT (Noland et al. 1989) , and Swiderek et al. demonstrated the phosphorylation of Ser194 also occurs in bovine cTnT (Swiderek et al. 1990 ). The Ser1 of cTnT was also reported in earlier studies to be a phosphorylation site (Fig. 1) (Gusev et al. 1980) . This site was 'forgotten' for a long time, but re-emerged in the mass spectrometry measurements on human heart troponin by Sancho Solis and co-workers who found that cTnT is almost completely constutively monophosphorylated. They subsequently reported Ser1 as the most likely candidate of PKC (Marston and Walker 2009; Sancho Solis et al. 2008) .
The functional effects of PKC-mediated phosphorylation of cTnT are not as extensively studied as those of cTnI. The first studies suggested that PKC-mediated phosphorylation exerts a negative inotropic effect. Phosphorylation of cTnI and cTnT by PKC was found to cause a reversible inhibition of Ca 2+ -stimulated actomyosin MgATPase activity in the reconstituted contractile apparatus from bovine hearts, with little or no effect on Ca 2+ -sensitivity. However, under the latter conditions, both cTnI and cTnT were phosphorylated (Noland and Kuo 1991 ). An additional study indicated that PKCmediated phosphorylation of cTnT lowered the apparent affinity for binding tropomyosin(Tm)-F-actin, which correlated with the inhibition of Ca 2+ -stimulated actomyosin MgATPase activity (Noland and Kuo 1992) . A more direct study in which transgenic mice lacking PKC phosphorylation sites expressed approximately 50% fast skeletal TnT (fsTnT) provided evidence for a potential role of cTnT phosphorylation in depressing/reducing myofilament force (Montgomery et al. 2001) . Sumandea et al. (2003) studied the specific functional effects by charge mutating the cTnT sites (Thr197, Ser201, Thr206, Thr287, mouse sequence) into aspartic acid and replacing the recombinant cTn into detergent-treated mouse LV papillary muscle fibers. Phospho-mimicking of Thr206, but not the other sites, in the TG mice resulted in decreased maximal tension, actomyosin Mg-ATPase activity, Ca 2+ -sensitivity, and cooperativity (Table 1) .
The cytoskeletal protein desmin as PKC substrate
Desmin is the major intermediate filament protein in cardiac muscle where it forms a three-dimensional scaffold which seems to extend across the entire diameter of the cardiac muscle cell. The intermediate filaments surround the Z-discs, which are associated with other organelles, and extend from the Z-disc to the plasma membrane (Capetanaki 2000) . An analysis of specific desmin fragments indicated that desmin is a phosphoprotein (Evans 1988) . In an in vitro study, Kitamura et al. (1989) identified four phosphorylation sites as substrates for PKC phosphorylation, namely, Ser12, Ser29, Ser38, and Ser56 (chicken sequence) (Fig. 1) , which are all located in the head domain of desmin. A more recent study demonstrated that desmin is also phosphorylated by PKC in skinned myofibrils of hamster cells. These authors stated that desmin from failing hamster hearts contains more phosphorylated serines than that of the normal control hearts. It has also been shown that PKC-mediated phosphorylation of desmin can induce a disassembly of desmin filaments, which may be involved in myofibril disarray (Huang et al. 2002) . This latter study indicates that PKC-mediated phosphorylation of desmin has a detrimental effect on myocardial structure. To the best of our knowledge, no PKC phosphorylation targets have been reported on human desmin.
Cardiac MyBP-C contains several PKC phosphorylation sites
In several animal and human studies, the total phosphorylation of cMyBP-C has been found to be decreased in hypertrophy and end-stage heart failure, suggesting a role of cMyBP-C in the modulation of cardiac function (El Armouche et al. 2007; Hamdani et al. 2008; Sadayappan et al. 2005) . Lim et al. (1985) reported that cMyBP-C from bovine is a target for PKC phosphorylation. Ser265 (Ser275 human sequence), Ser300 (Ser304 human sequence), and Ser1169 are the major PKC-mediated phosphorylation sites found in chicken cMyBP-C (Fig. 1, Table 1 ). There is no equivalent of site Ser1169 in mouse and human, which suggests that this site is specific for chicken. Mohamed et al. (1998) demonstrated that site Ser1169 in chicken is phosphorylated by PKC to 2.0 mol phosphate/mol. Xiao et al. (2007) reported that Ser302 on mouse cMyBP-C is a PKCε phosphorylation site both in vivo and in vitro. A specific role for PKC-mediated phosphorylation of cMyBP-C on the contractility and during heart failure has yet to be determined. However, it has been suggested that cMyBP-C phosphorylation by PKC influences actomyosin Mg 2+ -ATPase activity, the kinetics of cross-bridge cycling, and the rate of relaxation (Barefield and Sadayappan 2010) .
Effect of PKC-mediated titin phosphorylation
The giant protein titin has been found to be a phosphorylation target for several kinases, among which are PKA (Kruger and Linke 2006; Yamasaki et al. 2002) and PKG (Kruger et al. 2009 ). Both the PKA-and PKG-mediated phosphorylation of titin have been correlated with a reduction of the passive tension in human and rat myocardial tissue. Using in vitro phosphorylation assays and mass spectrometry, Hidalgo et al. (2009) recently identified that the PEVK element of titin functions as a PKCα substrate. The authors identified two highly conserved sites, i.e. Ser11878 and Ser12022, as PKCα phosphorylation sites (Fig. 1, Table 1 ). They also observed that PKCα increases passive tension in mouse and bovine tissue. This effect was found to be reversible by the dephosphorylation of titin by protein phosphatase 1. In contrast to the observed increase in passive force, our own study showed a slight but significant decrease in passive tension when single human cardiomyocytes from end-stage failing tissue were incubated with PKCα (Kooij et al. 2010a ). However, using ProQ Diamond phosphorylation staining of titin, we did not find an increase in titin phosphorylation after incubation with PKCα, possibly because of the low sensitivity of the assay. In addition to these results, incubation of cardiomyocytes from end-stage failing tissue with the catalytic subunit of PKC also showed a slight decrease in passive tension . Taken together, these results suggest that PKCmediated phosphorylation of titin most likely exerts a detrimental effect on passive stiffness of the heart muscle cells, but its role in the human heart remains to be determined.
Future perspectives
Protein kinase C is able to phosphorylate multiple myofilament proteins, with cTn, cMyBP-C, titin and also desmin having been reported as a target protein. The phosphorylation of individual sites on these proteins have been shown to have different function. Phosphorylation of cTnI at Ser43/45 has been implicated in the reduction of maximum tension, while phosphorylation of the PEVK region of titin has been implicated in an increase in passive tension. Thr143 phosphorylation by PKC has been implicated in alterations in Ca 2+ -sensitivity, but also to be involved in the cooperativity of the myofilaments by depression of the Hill coefficient. Overall, most biochemical and transgenic studies indicate a detrimental inotropic and/or lusitropic effect of PKC-mediated phosphorylation of the cardiac myofilament proteins on the contractility of the heart. However, our studies using human skinned cardiomyocytes incubated with PKC showed a reduction in the Ca 2+ -sensitivity, indicating a positive lusitropic effect for the failing heart. These results indicate that most PKC effects are detrimental, but that the effects of PKC-mediated cTn phosphorylation on the myofilament Ca 2+ -sensitivity of force is less straightforward and that more research is warranted.
Since the above-mentioned effects of PKC-mediated phosphorylation of myofilament proteins are able to greatly influence the contractile function of the heart, it is important to establish the function of PKC in the in vivo situation. An important question that must be answered is whether the myofilament proteins are actually targeted in the human failing heart, and if so, under which conditions. Studies determining the expression and translocation of the isoforms in the failing heart are therefore very important and must be studied in detail to gain more insights in the function of PKC in the human failing heart.
